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The functional significance of the conserved motif
'YxGG/A', located between the 3'-5' exonuclease and
polymerization domains of eukaryotic-type DNA poly-
merases, has been studied by site-directed mutagenesis
in +29 DNA polymerase. Single substitutions at this
region were obtained, and 11 *29 DNA polymerase
mutant derivatives were overproduced in Escherichia
coli and purified to homogeneity. Nine mutants showed
an altered polymerase/3'-5' exonuclease balance on a
template/primer DNA structure, giving rise to three
different mutant phenotypes: (i) favored polymeriz-
ation (high pol/exo ratio); (ii) favored exonucleolysis
(low polVexo ratio); and (iii) favored exonucleolysis and
null polymerization. Interestingly, these three different
phenotypes could be obtained by mutating a single
amino acid at the 'YxGG/A' motif. All different pheno-
types could be directly related to defects in DNA
binding at a particular active site. Thus, a high poll
exo ratio was related to a poor stability at the 3'-5'
exonuclease active site. On the contrary, a low pol/exo
ratio or null polymerization capacity was related to a
poor stability at the polymerization active site and
either a normal or an increased accessibility to the
exonuclease active site. These results allow us to pro-
pose that this motif, located in the connecting region
between the N-terminal and C-terminal domains, has
a primary role in DNA binding, playing a critical role
in the coordination or cross-talk between synthesis and
degradation.
Keywords: coordinating synthesis and degradation/DNA
binding motif/A29 DNA polymerase/site-directed
mutagenesis
Introduction
Many DNA-dependent DNA polymerases have been
shown to contain at least two catalytic activities, DNA
polymerization and 3'-5' exonucleolysis, physically
separated into two structural domains (reviewed by Joyce
and Steitz, 1994). As was proposed for Escherichia coli
DNA polymerase I (Pol I), this separation provides the
structural framework for a fine-tuned coupling of these
two opposite activities, synthetic and degradative, in order
to achieve a productive and faithful DNA synthesis (Joyce
and Steitz, 1987). In addition to the equilibrium defined
by the catalytic strength at each active site, a mechanism
for coordinating DNA polymerization and DNA excision
must exist, relying on a structural and functional com-
munication or cross-talk between the two active centers.
Most likely, one of the bases of this interplay, which has
been studied extensively in the case of the paradigmatic
Pol I enzyme, is how the primer terminus is partitioned
between both active sites, and what factors influence this
equilibrium (Joyce, 1989). Perhaps the most important
factors are those that reduce the stability of the primer
terminus at the polymerization active site, such as a high
temperature, a low ionic strength, a mismatched primer
terminus, or any other factor destabilizing the primer/
template structure and causing difficulties for primer
terminus translocation for the next round of replication.
In all these cases, the communication equilibrium will be
altered, favoring exonucleolysis.
The extensive structure-function studies and biochemi-
cal characterization of 429 DNA polymerase (reviewed
by Salas, 1991; Blanco and Salas, 1995; Lazaro et al.,
1995), a eukaryotic-type DNA replicase (Bernad et al.,
1987; Blanco et al., 1991), provide an appropriate basis
to understand the dynamics ofDNA replication. Moreover,
429 DNA polymerase is specially amenable to these
studies because of its small size (67 kDa) and intrinsic
processivity (Blanco et al., 1989) that makes the participa-
tion of accessory proteins to improve clamping of the
DNA unnecessary. Site-directed mutational analysis of
429 DNA polymerase allowed the demonstration of the
existence of two structurally independent domains, con-
taining the synthetic and degradative activities of this
enzyme (reviewed by Blanco and Salas, 1995). Three
sequence motifs at its N-terminal domain (Exo I, Exo II
and Exo Ill) were shown to form an evolutionarily
conserved 3'-5' exonuclease active site (Bernad et al.,
1989; Blanco et al., 1992; Soengas et al., 1992; Esteban
et al., 1994; de Vega et al., 1996), whereas five evolu-
tionarily conserved motifs at its C-terminal domain
['Dx2SLYP' (Blasco et al., 1993a), 'Kx3NSxYG' (Blasco
et al., 1993b), 'Tx2GR' (Mendez et al., 1994), 'YxDTDS'
(Bemad et al., 1990) and 'KxY' (Blasco et al., 1995)]
have been involved in DNA polymerization. The role of
individual residues of these motifs in DNA binding and
stabilization of the primer terminus at the polymerization
and exonuclease active sites of )29 DNA polymerase will
be discussed later. In the case of 429 DNA polymerase,
and to account for its intrinsic high processivity, a tight
functional communication between both domains should
be expected. In this sense, it has been shown that the
wild-type equilibrium between synthesis and degradation
of 429 DNA polymerase is dependent on its relative
catalytic rates, because these could be modulated in vitro
as a function of the dNTP concentration (Garmendia et al.,
1992), or by partial or total inactivation of active site
residues belonging to each active site (reviewed by Blanco
and Salas, 1995).
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The proposal that all DNA-dependent DNA polymerases
may be variations of a common structure is supported by
the comparison of the protein sequences and the similarities
found in the three-dimensional structure of Klenow, human
immunodeficiency virus (HIV) reverse transcriptase and
rat DNA polymerase 3 (reviewed by Joyce and Steitz,
1994; Sawaya et al., 1994). However, the published data
only support this extrapolation in the portion corresponding
to the polymerization active site, and in that corresponding
to the exonuclease active site of proofreading enzymes.
On the other hand, a general model for DNA binding is
a matter of speculation. Beese et al. (1993) proposed a
new model in which DNA is located inside the cleft
between the polymerase and the exonuclease domains of
Klenow, whereas Pelletier et al. (1994) support the old
model for DNA binding (Ollis et al., 1985; reviewed by
Joyce and Steitz, 1987), which assumes that the DNA is
located in the cleft between the fingers and thumb of rat
DNA polymerase P. It is conceivable that, in addition to
some structural similarities, significant variations with
respect to the capacity to interact with DNA could exist,
accounting for the functionally important differences that
distinguish repair versus replicative, distributive versus
processive, DNA synthesizing enzymes.
Here we have carried out site-directed mutagenesis in
a region of 429 DNA polymerase that contains the motif
'YxGG/A', highly conserved in most DNA polymerases
belonging to the eukaryotic-type superfamily. As shown
in Figure lA, the 'YxGG/A' motif lies between the third
exonuclease (Exo III) motif, 'Yx3D' (defined as a putative
limit of the 3'-5' exonuclease domain), and the first
polymerase motif, 'Dx2SLYP' (defined as part of the
polymerization active site). Here we show that 'YxGG/A'
is a DNA binding motif that plays a role in the coordination
between the synthetic and degradative functions of )29
DNA polymerase.
Results
The 'YxGGIA' motif of eukaryotic-type
DNA-dependent DNA polymerases
Adjacent to one of the most conserved regions of eukary-
otic-type DNA polymerases, characterized by the amino
acid motif 'Dx2SLYP' (region 1, Blanco et al., 1991;
motif A, Delarue et al., 1990), a new consensus motif,
'YxGG/A', can also be found in nearly all eukaryotic-
type DNA polymerases. Figure lB shows a multiple
alignment of this region, in which 51 sequences of
eukaryotic-type DNA polymerases have been included.
This family of DNA polymerases (family A, as compiled
by Braithwaite and Ito, 1993) was subdivided into three
groups: viral and bacterial (16 viral sequences, E.coli
DNA polymerase II and three DNA polymerases from
Archaeobacteria), cellular (13 sequences) and TP-primed
(18 sequences) DNA polymerases. The tyrosine residue
of the motif is conserved in nearly all cellular DNA
polymerases (except Rev3), and is sometimes changed to
Phe in viral and bacterial DNA polymerases (except CCfV
and Ec Pol II). In TP-primed DNA polymerases, the Tyr
residue (Tyr226 in 429 DNA polymerase) is often changed
to Ile. The first glycine residue of the motif (Gly228 in
429 DNA polymerase) is invariant in all eukaryotic-type
DNA polymerases, except Rev3. The following glycine
residue (Gly229 in 429 DNA polymerase) is conserved
in all TP-primed DNA polymerases and cellular DNA
polymerases a and e, but it is changed to an Ala residue
in all cellular DNA polymerases 8 and in many of the
viral and bacterial DNA polymerases. These considerations
led us to define the conserved motif as 'YxGG/A' for the
whole family of eukaryotic-type DNA polymerases. In
the two subgroups of bacterial/viral and cellular DNA
polymerases, there are other highly conserved residues
immediately following the 'YxGG/A' motif (see Figure
iB), strengthening the conservation of this region among
these enzymes. In agreement with a more distant evolution-
ary relationship (or with a stronger divergence), these
other residues proximal to the 'YxGG/A' motif are only
present in a few examples of the group of TP-primed
DNA polymerases. Conversely, the presence of a positively
charged amino acid preceding the 'YxGG/A' motif
(Arg223 in 429 DNA polymerase) appears to be a specific
feature of protein-priming DNA polymerases (with the
exception of pMC3-2) and cellular DNA polymerases a.
A second positive charge in this region is also conserved
in most TP-primed DNA polymerases, being located either
immediately before (Arg227 in 429 DNA polymerase)
and/or immediately after the Gly-Gly pair of the 'YxGG/A'
motif. It is also worth noting that an aromatic amino acid
is frequently found in one of these two positions. A
positive charge adjacent to the Gly pair is conserved only
in two cellular and in some viral and bacterial DNA
polymerases.
Construction of site-directed mutants at the
'YxGG/A' motif of 029 DNA polymerase
Taking into account general suggestions for conservative
substitutions (Bordo and Argos, 1991) and secondary
structure predictions (Chou and Fasman, 1978; Gamier
et al. 1978), single changes of 429 DNA polymerase
residues Arg223, Tyr226, Arg227, Gly228, Gly229 and
Phe230 (Figure IB) were performed. Twelve mutants were
obtained: R223I, Y226F, Y226S, R227K, R227I, G228A,
G228D, G229A, G229D, F230Y, F230A and F230S. The
change from Arg223 and Arg227 to Lys or Ile was
designed to keep or remove, respectively, the positive
charge. In the case of Tyr226, either the phenolic ring
(change into Phe) or the hydroxylic group (change into
Ser) was kept. Gly228 and Gly229 were changed either
into Ala (conservative) or into Asp (non-conservative).
The change of Phe230 into Tyr kept the aromatic ring,
the change into Ala kept the methyl group, and the change
into Ser was non-conservative. Site-directed mutagenesis,
overproduction and purification of the mutant proteins
were carried out as described in Materials and methods.
It should be pointed out that no induction could be
obtained with the different clones corresponding to the
G228D mutant and, therefore, this mutant DNA poly-
merase could not be used in this study.
The secondary structure prediction for this region,
following Chou-Fasman (1978) and Gamier et al. (1978)
algorithms, was very similar: in a large number of DNA
polymerases, including 429 DNA polymerase, the 'YxGG/
A' motif is predicted to contain a turn. This structural
prediction did not change when applied to the different
mutants studied in this work.
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Fig. 1. (A) Modular organization of enzymatic activities in @29 DNA polymerase. The amino acid sequence of @29 DNA polymerase (572 aa) is
represented by a bar, with the N-terminus at the left. Cross-hatched and filled-in regions indicate the 3-5' exonuclease domain (N-terminal) and
DNA polymerization domains (C-terminal), respectively. The relative position of the most highly conserved motifs, either forming the evolutionary
conserved 3'-5' exonuclease active site (Exo I, Exo II and Exo III), or those present in the C-terminal domain of all members of the superfamily of
eukaryotic-type DNA polymerases that have been studied by site-directed mutagenesis in @29 DNA polymerase (reviewed in Blanco and Salas,
1995), are indicated inside boxes. The relative location of the 'YxGG/A motif, studied in this paper, is also indicated. (B) The 'YxGG/A' motif of
eukaryotic-type DNA-dependent DNA polymerases. Multiple alignment of the amino acid sequences of eukaryotic-type DNA-dependent DNA
polymerases in a portion located between Exo III and 'Dx2SLYP' motifs. DNA polymerase nomenclature and sequence references are compiled in
Braithwaite and Ito (1993), with the exception of ASFV (African swine fever virus DNA polymerase; Rodriguez et al., 1993); 6 (Mm), DNA
polymerase 6 from mouse (Cullmann et al., 1993); e (Sc), DNA polymerase E from Saccharomyces cerevisiae (Morrison et al., 1989); pMC3-2 and
pAL2-1, encoded by linear plasmids from Morchella conica (Rohe et al., 1991) and Podospora anserina (Hermanns and Osiewacz, 1992),
respectively. The amino acids forming the 'YxGG/A' motif are indicated with white letters on a black background. @29 DNA polymerase residues
mutated in this work are shown at the right, together with the mutants obtained. Mutant proteins are designated by the original amino acid (in single
letter notation), its position and the replacement amino acid; i.e. R223K =Arg223 to Lys. The position corresponding to T4 DNA polymerase mutant
E395K (Stocki et al., 1995) is boxed. Other relevant similarities are indicated by gray boxes. The following conservative amino acids were
considered: S and T; A and G; D and E; K, R and H; I, L, M, C and V; Y and F.
3'-5' exonuclease activity of029 DNA polymerase Figure 2, the wild-type and most mutant polymerases
mutants at the 'YxGG/A' motif were able to digest the oligonucleotide up to the size of
The 3'-5' exonuclease was initially assayed using a 5'- four nucleotides. This pattern corresponds to a processive
labeled oligonucleotide as ssDNA substrate. As shown in degradation (without dissociation) of the oligonucleotide
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until its length is reduced to five nucleotides, being
distributive from this position (Garmendia et al., 1992).
On the other hand, the pattern of degradation obtained
with mutant polymerases Y226F, G228A and F230A was
significantly different from that of the wild-type 029 DNA
polymerase: exonucleolytic digestion stopped at the size
of seven nucleotides, and no further degradation was
observed when longer reaction times were used (data not
shown). Therefore, although none of the mutations had a
drastic effect on exonucleolytic catalysis (see Table I),
some of them restricted the minimum size of the substrate
accepted by the exonuclease.
Mutations at the 'YxGGIA' motif can produce
either stimulation or inactivation of the DNA
polymerization capacity
As an initial estimate of the polymerization capacity of
the different mutant 029 DNA polymerases, we analyzed
the filling-in reaction of 3' recessive DNA ends (described
in Materials and methods). In this assay, carried out at a
limited elongation rate (low dNTP concentration), the
incorporation observed can be significantly influenced by
the level of 3'-5' exonucleolytic activity. The use of a
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Fig. 2. 3-5' Exonuclease activity on ssDNA. The assay was
performed as described in Materials and methods, in the presence of
the indicated amounts of either wild-type or mutant 429 DNA
polymerase. After incubation for I min at 25°C, degradation of the
labeled DNA was analyzed by electrophoresis in 8 M urea-20%
polyacrylamide gels and autoradiography. Total degradation was
calculated as indicated in Materials and methods. Mean activity values
relative to the wild-type are shown in Table I. The positions of
different degradation intermediates of the oligonucleotide (1Smer)
substrate are indicated.
labeled dNTP allows evaluation of polymerization as a
balance between the polymerase activity (producing
labeled DNA as a product) and the subsequent 3'-5'
exonuclease activity (producing a labeled dNMP product).
Three groups can be distinguished, taking into account
differences in labeling of the DNA by the mutant DNA
polymerases (see Figure 3A and Table I). (i) Four mutant
polymerases were able to label DNA better than wild-
type polymerase. These were R227K, with a value of
~350%, and Y226F, G228A and F230A, which produced
a relative labeling of >700% in comparison with the wild-
type activity. These three latter derivatives were those
shown to be affected in the substrate limit for 3'-5'
exonucleolysis. (ii) Mutant polymerases R223I, R2271,
G229A and F230Y, displaying wild-type-like labeling of
DNA (95, 86, 68 and 62%, respectively), and mutant
F230S, showing a more reduced activity (40%).
(iii) Mutant polymerases Y226S and G229D, severely
affecting (<1 %) the polymerization activity of the enzyme.
When the exonucleolytic release of the incorporated
nucleotides (turnover) was analyzed (Figure 3B and Table
I), it was observed that the mutant polymerases with
highly increased labeling activity showed very reduced
(Y226F, 6%; G228A, 7%; F230A, 6%) exonucleolytic
release. Therefore, it appears that the increased labeling
of DNA by these mutants was the result of an improved
stability (decreased turnover) of the incorporated nucleo-
tides. Mutant polymerases with wild-type-like polymeriz-
ation activity (R223I, R2271, G229A and F230Y), also
showed wild-type-like exonucleolytic release (see Figure
4B and Table I). Mutant polymerase F230S showed slightly
reduced exonucleolytic release (25%) in comparison with
wild-type, but lying in the range of its labeling activity
(40%). No turnover was observed with mutant polymerases
Y226S and G229D, indicating that the inability to label
DNA is not due to a low stability of the incorporated
nucleotides, but is due primarily to their inability to carry
out polymerization.
Therefore, although the exonuclease activity of all these
mutant polymerases was roughly similar when assayed on
ssDNA (see Table I), some of them seemed to have an
altered exonuclease activity on dsDNA, especially mutant
polymerases Y226F, G228A and F230A, that could con-
dition their polymerization capacity. To clarify this point,
Table I. Enzymatic activities of wild-type and mutant 029 DNA polymerases
029 DNA polymerase Exo ssDNA Exo dsDNA Labelinga Exonucleolytic Pol/exob Pol/exo
(%) (%) (%) releasea (%) (nM dNTP) ratioc
Wild-type 100 100 100 100 100 1
R2231 148 400 95 73 700 0.2
Y226F 141 7 710 6 10 101
Y226S 118 380 <1 <1 >40X 103 <2.6x 10-3
R227K 115 84 350 75 100 4.2
R2271 131 421 86 81 700 0.2
G228A 125 8 730 7 10 91
G229A 126 386 68 70 103 0.2
G229D 141 402 <1 <1 >40X 103 <2.5x 10-3
F230Y 95 98 62 85 100 0.6
F230S 142 335 40 25 lo, 0.1
F230A 126 6 740 6 10 123
aData taken from filling-in reaction on 3' recessive ends.
bThe concentration of dNTPs necessary to compete exonucleolysis, allowing efficient replication of the template DNA (spl/splc+6), is indicated.
cCalculated as the ratio between the labeling percentages and those corresponding to the exonucleolytic activity on dsDNA.
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Fig. 3. Non-processive DNA polymerization assay (filling-in).
(A) Filling-in of EcoRI protruding ends by wild-type and mutant t29
DNA polymerase. The assay was carried out and quantitated as
described in Materials and methods. Mean activity values relative to
the wild-type are shown in Table I. The labeled DNA was analyzed by
native agarose gel electrophoresis and autoradiography. (B) 3'-5'
exonuclease activity coupled to the filling-in assay (turnover) shown in
(A), analyzed by thin-layer chromatography as described in Materials
and methods. Exonucleolytic release of dAMP, quantitated as
described in Materials and methods, is shown in Table I. The
migrating position of dAMP and the origin of the chromatogram (ori),
are indicated.
the exonuclease activity of the different mutant derivatives
was studied either in the absence of polymerization, but
using a template/primer structure as substrate, or under
polymerization conditions, to evaluate its contribution to
the exonuclease/polymerase balance.
Mutations at the 'YxGG/A' motif alter the
wild-type polymerase/exonuclease balance on a
template/primer DNA structure
The exonuclease/polymerase balance not only depends on
the relative velocities of the two reactions, but also on the
relative affinity of both active sites for the primer strand.
As can be seen in Figure 4 for the wild-type enzyme,
increasing dNTP concentration progressively changes the
exonuclease/polymerase balance in favor of polymeriz-
ation (see Materials and methods). As is the case for the
wild-type polymerase, mutant polymerases R227K and
F230Y required a nucleotide concentration of 100 nM for
a net polymerization (Table I). Moreover, these two mutant
polymerases also had normal exonuclease activity on
dsDNA (see Table I). Therefore, these mutants display a
wild-type-like pollexo ratio. Other mutant polymerases
needed a higher dNTP concentration to favor polymeriz-
ation versus exonucleolysis: R223I and R2271 (700 nM)
and G229A and F230S (1 ,uM). The higher dNTP concen-
tration required by these mutant polymerases could be
explained taking into account their 4-fold increased exo-
nuclease activity on dsDNA, observed in the absence of
dNTPs, that reduces (5- to 10-fold) the wild-type pol/exo
ratio (see Table I). Mutant polymerases Y226S (see Figure
4) and G229D showed a similar increase in exonuclease
activity on dsDNA (see Table I), but no polymerization
could be observed even by addition of up to 40 iM dNTP.
Fig. 4. DNA polymerase/exonuclease coupled assay. The assay was
carried out as described in Materials and methods, using 32P-labeled
hybrid molecule spl/splc+6 as primer/template DNA and the
indicated concentrations of each dNTP. Polymerization or 3'-5'
exonuclease activity are detected as an increase or decrease,
respectively, in the size (l5mer) of the 5'-labeled spl primer. The
dNTP concentration required to compete exonucleolysis, allowing
efficient replication of the template, is shown in Table I for the wild-
type and each mutant t29 DNA polymerase derivative. The figure
shows the assay corresponding to the wild-type enzyme and mutants
Y226S and G228A, as representatives of the wild-type, null
polymerization ratio and high pol/exo ratio phenotypes, respectively.
Arrows show the position of the non-elongated primer (15mer),
elongated primer (20mer and 21mer) and degraded primer (6mer and
4mer).
On the other hand, only 10 nM dNTPs was enough
for an efficient elongation reaction catalyzed by mutant
polymerases G228A (shown in Figure 4), Y226F and
F230A (see data in Table I). A similar phenotype (high
pol/exo ratio) had been observed with a double mutant at
3'-5' exonuclease active site residues (Dl 2A/D66A) of
929 DNA polymerase: this mutant polymerase, lacking
exonuclease activity, can fully elongate the primer at a
nucleotide concentration of 2 nM (Garmendia et al., 1992).
In contrast to this mutant, the exonuclease of mutant
polymerases Y226F, G228A and F230A is very active on
ssDNA substrates (Figure 2). However, these mutants
showed a strongly decreased exonucleolytic activity on a
template/primer structure (see Table I and Figure 4 for
mutant G228A). Therefore, the high pol/exo ratio of these
mutants (-100-fold increased with respect to the wild-
type) is due to a very reduced exonuclease activity on a
hybridized primer, indirectly favoring polymerization.
All these results allow us to conclude that mutations at
the 'YxGG/A' motif of 429 DNA polymerase produce
alterations in the polymerase/exonuclease balance. These
alterations produce distinct mutant phenotypes: (i) favored
polymerization (high pol/exo ratio), as in the case of
mutants Y226F, G228A and F230A; (ii) favored exo-
nucleolysis (low pol/exo ratio), as in the case of mutants
R2231, R2271, G229A and F230S; and (iii) favored exo-
nucleolysis and null polymerization, in the case of mutants
Y226S and G229D. Interestingly, opposite phenotypes can
be obtained by mutating a single amino acid of the 'YxGG/
A' motif, as is the case with residues Tyr226 and Phe230.
This fact suggests that the alteration of the pol/exo ratio
is not due to a direct effect on the catalysis of each
individual reaction; on the contrary, it appears to be the
consequence of alterations in the stabilization of the
common substrate, the primer strand, leading to an abnor-
mal partition between the polymerase and exonuclease
active sites.
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Mutations at the 'YxGG/A' motif reduce binding of
template/primer DNA molecules at the
polymerization active site
Stable interaction of the wild-type and mutant derivatives
of 429 DNA polymerase with a template/primer structure
has been studied using gel retardation assays as described
in Materials and methods. As shown in Figure SA, the
wild-type enzyme gives rise, in the presence of Mg> ions,
to a single retardation band that most likely corresponds to
a protein-DNA interaction in which the primer terminus
is stabilized at the polymerization active site (Mendez
et al., 1994). If the stabilization at the pol site decreases,
metal-activated exonucleolysis of the template/primer
should be produced and, as occurs with the unhybridized
primer (spl), the exonucleolytic products would migrate
faster than the band corresponding to free DNA (Blasco
et al., 1995).
As also shown in Figure SA, and in agreement with
their wild-type pol/exo ratio, mutant polymerases R227K
and F230Y were able to retard the template/primer with
a wild-type efficiency (see Table II). Mutant polymerases
Y226F, G228A and F230A, having a high pollexo ratio,
showed a reduction in the amount of retarded band, but
did not lead to exonucleolytic degradation of the DNA.
Taking into account that these mutant proteins had been
shown to have nearly no exonuclease but strong poly-
merase activities on a template/primer structure, it is
tempting to speculate that they have a much more stable
binding of the template/primer structure at the polymerase
than at the exonuclease active site, although the general
binding capacity was reduced in comparison with the
wild-type enzyme. Mutant polymerases with a low poll
exo or no polymerization phenotypes were very inefficient
(G229A) or unable (R2231, R2271, Y226S, G229D and
F230S) to retard dsDNA in this assay. In this case, the
radioactive spot running below the free DNA band is
in agreement with the increased exonuclease activity
displayed by these mutants on template/primer structures
that could be the consequence of their low stability at the
polymerization active site.
Mutations at the 'YxGG/A' motif affecting ssDNA
binding stability
The affinity of wild-type 429 DNA polymerase for a
ssDNA oligonucleotide was also evaluated using a gel
retardation assay (described in Materials and methods).
As shown in Figure SB, and in addition to a diffuse
material having a slower mobility than that of the free
ssDNA, the wild-type enzyme produced a single retard-
ation band that, according to the Klenow model studies,
most likely corresponds to a polymerase-DNA complex
in which the 3'-terminus is stabilized at the exonuclease
active site (de Vega et al., 1996). In contrast, mutant
polymerases Y226F, G228A and F230A showed no sig-
nificant retardation of ssDNA. As also shown in Figure
SB, the rest of the 429 DNA polymerase mutants were
able to bind the ssDNA substrate efficiently; in fact, in
the conditions used, the binding efficiency of mutants
G229D and F230S was even better than that of the wild-
type 429 DNA polymerase. Because the retardation assay
is carried out in the absence of metal ions to avoid
degradation of the oligonucleotide, it is not possible to
estimate how metal contributes to (or modulates) the
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Fig. 5. (A) Gel retardation of primer/template DNA molecules. The
5'-labeled hybrid molecule spl/splc+6 was incubated either with the
wild-type or with the indicated mutant in the 'YxGG/A motif of )29
DNA polymerase, under the conditions described in Materials and
methods. After gel electrophoresis, the mobility of free DNA (spl/
splc+6) and that of the polymerase-DNA complex was detected by
autoradiography. a, unhybridized primer strand (spl); b, degraded
primers. (B) Gel retardation of ssDNA molecules. The 5'-labeled
oligonucleotide spl was incubated either with the wild-type or with
the indicated mutant in the 'YxGG/A' motif of 429 DNA polymerase,
under the conditions described in Materials and methods. After gel
electrophoresis, the bands corresponding to free ssDNA (spl) and to
DNA polymerase-ssDNA complex were detected by autoradiography.
binding of the substrate at the 3'-5' exonuclease active
site of these mutants. However, the defective ssDNA
binding shown in these conditions for mutants Y226F,
G228A and F230A could explain the size limit observed in
their metal-activated exonucleolytic pattern of degradation,
and the poor efficiency in degrading a primer terminus,
whether or not it is coupled to DNA polymerization.
Table II summarizes the DNA binding capacity, at both
polymerase and exonuclease active sites, of the different
mutants at the 'YxGG/A' motif, ordered according to the
balance of their polymerase and exonuclease activities. In
most cases, each abnormal pol/exo ratio phenotype can
be related to a decreased stabilization of the DNA primer
at a particular active site.
'YxGG/A' mutants with a reduced exonuclease
activity do not have a mutator phenotype
Mutant polymerases Y226F, G228A and F230A displayed
a very high pol/exo ratio during polymerization on tem-
plate/primer molecules. Since this phenotype is mainly
due to a poor exonuclease activity on dsDNA, it was
interesting to analyze whether these mutants were able to
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Table II. Pol/exo ratio as a function of primer stabilization
Phenotype DNA pol Stable dNA binding
polp Exob
Wild-type WT + + + +
R227K + + + +
F230Y ++ ++
High pol/exo ratio Y226F +
G228A +
F230A +
Low pol/exo ratio G229A /-± +
F230S - ++
R2231 - ++
R2271 -+ +
No polymerization Y226S - +
G229D -+ + +
aStabilization of the primer terminus at the polymerization active site,
as defined by gel retardation of a template/primer structure.
bStabilization of the primer terminus at the 3-5' exonuclease active
site, as defined by gel retardation of ssDNA.
Mean values (qualitatively expressed with + symbols) were obtained
by quantitation of the retarded complexes corresponding to several
experiments, such as those shown in Figure 5A and B.
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produce a high level of insertion and stable incorporation
(elongation) of mismatched nucleotides during polymeriz-
ation. To address this question, a misincorporation assay
was carried out (described in Materials and methods) in
which the insertion of dAMP at non-complementary
positions by mutants Y226F, G228A and F230A was
evaluated in comparison with the wild-type 429 DNA
polymerase and its exonuclease-deficient derivative D 12A/
D66A (Bernad et al., 1989).
As shown in Figure 6A, in these in vitro conditions,
the wild-type DNA polymerase did not produce stable
misincorporation, with dAMP insertion occurring only at
complementary positions 16 and 17. On the contrary, an
inactive 3'-5' exonuclease active site (mutant D12A/
D66A) allows the appearance of label at position 19,
indicating that misincorporation of dAMP and further
elongation of the mismatched primer terminus had
occurred even at a moderate dATP concentration
(Garmendia et al., 1992). Quantitation of the misincorpora-
tion produced by mutant D12A/D66A (having a maximal
pol/exo ratio) allows its mutator phenotype to be expressed
as a 23-fold reduction in the fidelity of DNA synthesis.
Surprisingly, mutants Y226F, G228A and F230A (also
having a very high poVexo ratio) did not produce mis-
incorporation at non-complementary positions, as was the
case with the wild-type enzyme (only mutant G228A is
shown in Figure 6A); the higher intensity of the band
corresponding to position 17 is probably due to the reduced
exonuclease activity displayed by this mutant on template/
primer molecules, that allows a better yield of extended
primers.
Proofreading capacity of mutants Y226F, G228A
and F230A
The absence of misincorporation shown in the previous
assay suggested that mutant polymerases Y226F, G228A
and F230A, in spite of their reduced exonucleolytic activity
on a template/primer structure, were able to proofread,
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Fig. 6. (A) Misincorporation assay. The experiment was performed as
described in Materials and methods, with the hybrid molecule spl/
splc+6 (15/21mer) as template and different concentrations (indicated
in ,uM) of dATP. dCTP (800 nM) was added in wild-type and G228A
samples, to prevent exonucleolytic degradation of the primer terminus
by the wild-type enzyme.The positions in a 20% sequencing gel after
the correct incorporation of two nucleotides (17mer) and after the
elongation of the first mismatch (19mer) are indicated.
(B) Proofreading assay. The assay was performed as described in
Materials and methods. Lanes 1-3, 7-9 and 14-16 correspond to the
experiments done with the matched template/primer (spl/splc+6, run
in lane 13). Lanes 4-6, 10-12 and 18-20 correspond to the
experiments done with the mismatched template/primer (splp/splc+6,
run in lane 17). For each lane, either no (-), three (A, G, T) or all four
(A, G, T, C) dNTPs were added to the reaction mixture at a final
concentration of 100 nM. The positions of oligonucleotides spl and
splp (15mer) and different degradation (14mer, 6mer and 4mer) and
elongation (20mer) products are indicated.
i.e. to correct, inserted errors. An alternative explanation
would imply an increased insertion fidelity of DNA
synthesis catalyzed by these mutant enzymes. To distin-
guish between these two possibilities, we studied the 3'-
5' exonucleolytic activity on template/primer structures
having either a matched (spl/splc+6) or a mismatched
(splp/splc+6) primer terminus. On these templates, we
also tested two polymerization conditions: either adding
three of the nucleotides (dATP/dGTP/dTTP) and omitting
the one needed only to repair the mismatch (dCTP), or
adding all four dNTPs to the reaction mixture.
As shown in Figure 6B, in the absence of polymeriz-
ation, the wild-type polymerase had a higher exonuclease
activity on the mismatched (lane 4) than on the matched
substrate (lane 1), in agreement with its proofreading
character (Garmendia et al., 1992). Under polymerization
conditions, elongation of the matched primer did not
require the presence of dCTP (compare lanes 2 and 3).
On the other hand, elongation of the mismatched primer
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did require dCTP (compare lanes 5 and 6). Accordingly,
when an exonuclease-deficient (Dl2A/D66A) 429 DNA
polymerase was used, elongation never occurred on the
mismatched template/primer (lanes 11 and 12), indicating
that in these conditions mismatch correction is required
prior to elongation. As also shown in Figure 6B, mutant
polymerase G228A was not able to attack the matched
primer during the reaction time in the absence of poly-
merization (lane 14), but it could efficiently remove the
mismatched nucleotide (lane 18), followed by a poor
exonuclease activity on the remaining matched structure.
Under polymerization conditions impeding proofreading
(absence of dCTP), mutant polymerase G228A could not
extend the mismatched primer (lane 19). On the contrary,
when the mismatch could be corrected (presence of dCTP),
full elongation was obtained (lane 20). Identical results
were obtained with mutants Y226F and F230A (not
shown).
We conclude that, in spite of their high pollexo ratio,
mutants Y226F, G228A and F230A maintain wild-type
levels of fidelity during in vitro DNA synthesis because,
like the wild-type 429 DNA polymerase, they maintain
the ability to proofread, and the restriction to extend a
mismatch.
Discussion
The wild-type pol/exo balance
Most DNA-dependent DNA polymerases display at least
two catalytic activities: DNA polymerization and 3'-5'
exonucleolysis. Based on structural and functional studies
of E.coli DNA polymerase I, and other model enzymes
such as herpes simplex virus (HSV), T4 and o29 DNA
polymerases, it has been predicted that all these enzymes
contain two independent and relatively distant active sites,
forming part of two distinct structural domains (reviewed
by Joyce and Steitz, 1994). However, in spite of this
physical separation, these two opposite activities, synthetic
and degradative, must be coordinated efficiently in order
to achieve a productive and accurate replication reaction.
As schematized in Figure 7A, the enzyme's decision 'to
extend versus to reduce the primer length' finally depends
on the relative rate of each catalytic (polymerization versus
exonucleolysis) reaction. However, assuming a relatively
constant temperature and ionic strength, and no significant
variations of the dNTP pool under in vivo conditions, it
appears that the main factor controlling this equilibrium
should be the relative stability of the primer terminus (the
common substrate) at both polymerization and 3'-5'
exonuclease active sites. The stabilization at the poly-
merase active site is contributed not only by the enzyme
itself, but also by Watson and Crick pairing with the
template strand, i.e. in dsDNA conformation. On the other
hand, the exonuclease active site only has the potential to
stabilize the primer terminus as ssDNA. In addition to
this DNA binding potential, an effective balance between
synthesis and degradation should require an adequate
communication or switching of the primer strand between
both active sites. Such a mechanism is probably critical for
highly processive enzymes, such as 429 DNA polymerase,
mainly using an intramolecular pathway for error editing
(Esteban et al., 1994).
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Fig. 7. (A) Alternative binding of the primer terminus at either the
polymerase or 3'-5' exonuclease active site. Based on structure-
function studies of p29 DNA polymerase (reviewed by Blanco and
Salas, 1995), the enzyme is represented as two structural modules: the
N-terminal third (right) containing the 3'-5' exonuclease active site,
and the C-terminal two-thirds (left) containing the polymerization
active site. The model for DNA binding at both active sites is based
on crystallographic studies of Klenow fragment bound to DNA (Beese
et al., 1993). (B) Summary of the different phenotypes obtained by
mutational analysis of the 'YxGG/A' motif of 029 DNA polymerase.
Alteration of the pol/exo balance by mutating the
'YxGG/A' motif
The phenotypes of 11 mutants obtained at the 'YxGG/A'
motif of 429 DNA polymerase can be roughly divided
into four groups (Figure 7B): (i) mutant polymerases with
wild-type-like phenotype, such as R227K and F230Y;
(ii) mutations affecting the polymerase/exonuclease
balance, favoring polymerization (high pol/exo ratio), such
as Y226F, G228A and F230A; (iii) mutations affecting the
polymerase/exonuclease balance, favoring exonucleolysis
(low pollexo ratio), such as R2231, R2271, G229A and
F230S; and (iv) mutations impeding polymerization, such
as Y226S and G229D. The wild-type-like group only
includes conservative substitutions (F-oY, R-*K) at two
of the mutated residues, Arg227 and Phe230. A non-
conservative change of Arg223 and Arg227 into Ile
(eliminating the positive charge of the residue), and of
Phe230 into Ser (eliminating the aromatic ring), affected
the polymerase/exonuclease balance favoring exonucleo-
lysis (Table I). The same low pol/exo ratio phenotype was
obtained by mutating the motif residue Gly229 into a
conservative Ala. A third mutation in Phe230, a non-
conservative change into Ala, resulted in an opposite
phenotype, with reduced exonuclease and increased poly-
merase activities (Table I). The same phenotype was
obtained by conservative changes at the other two residues
of the motif, Tyr226 into Phe and Gly228 into Ala (Table
I). Finally, less conservative mutations at residue Tyr226
(Y->S) and Gly229 (G-*D) produced enzymes with
virtually no polymerization activity.
Summarizing, nine different mutations at the 'YxGG/
A' motif of 429 DNA polymerase produced alterations of
the wild-type pol/exo balance; interestingly, changes in
the same amino acid can lead to different, often opposite
phenotypes (i.e. F230Y, F230S and F230A), while changes
in different amino acids can produce very similar pheno-
types (i.e. Y226F, G228A and F230A). Therefore, the
function of the 'YxGG/A' motif of 429 DNA polymerase
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cannot be related directly either to the exonuclease or to
the polymerase activities. We can propose that this motif
has an important role in the structural and functional
connection of the exonuclease and the polymerase
domains.
The 'YxGGIA' motif is important for stable DNA
binding and communication between the
polymerase and exonuclease active sites
Many of the 429 DNA polymerase mutants at the 'YxGG/
A' motif showed changes in the binding stability of
template/primer structures at the polymerase or exonucle-
ase active sites (see Table II). Thus, mutants with a low
pol/exo ratio or null polymerization (R2231, Y226S, R2271,
G229A, G229D and F230S) showed reduced or no retard-
ation of dsDNA (Figure 5A) and normal or slightly
increased retardation of ssDNA (Figure 5B). According to
theirDNA binding properties, all these mutant polymerases
would have a defective stabilization of a primer terminus
at the polymerization active site, leading to a preferred
binding at the exonuclease active site. On the other hand,
mutants with a high pol/exo ratio (Y226F, G228A and
F230A) showed no retardation of ssDNA (Figure 5B) but
stable binding of dsDNA (Figure SA). In this case, the
binding defect of these mutant polymerases would be
especially deleterious for stabilizing a melted primer
strand at the exonuclease active site, indirectly favoring
polymerization. An interesting possibility is that the move-
ment of the primer terminus between the polymerase and
the exonuclease active sites could be affected (blocked),
causing an apparent decrease in the binding stability of
the DNA substrate at the exonuclease active site. There-
fore, and in all cases, a change in the pol/exo ratio was
related to an alteration in the DNA binding capacity at a
particular active site.
Under natural conditions, the binding stability of tem-
plate/primer structures at the polymerase active site must
be higher than at the exonuclease active site, allowing the
polymerization process. Thus, only when the polymerase
active site rejects an aberrant primer terminus does move-
ment to and binding at the exonuclease active site occur.
We propose that the 'YxGG/A' motif of 429 DNA poly-
merase is involved primarily in the stabilization of tem-
plate/primer structures at the polymerase active site,
playing a role also in the movement (switching) of the
primer terminus between the polymerase and exonuclease
active sites. This dual role could be achieved if the 'YxGG/
A' motif is involved in a conformational change, triggered
by the destabilization produced by insertion of a mis-
matched nucleotide.
In agreement with this hypothesis and with the muta-
tional analysis presented in this paper, the role of the two
positively charged residues (Arg223 and Arg227) would
be to provide an adequately charged environment at the
polymerization active site to stabilize the DNA polyanion.
Accordingly, elimination of the positive charge at each of
these two positions, or introduction of a negative charge
at Gly229 of the motif, destabilizes binding of DNA at
the polymerization site, favoring its stabilization at the
exonuclease active site. The phenyl rings of Tyr226 and
Phe230 are proposed to be directly involved in enzyme-
DNA contacts. The role of the Gly228-Gly229 pair is
proposed to be structural, providing the adequate con-
formation for the functional role of the motif. In general,
the most drastic substitutions at the 'YxGG/A' motif of
429 DNA polymerase always produced a decreased or
null polymerization capacity, but different mutations in
the same amino acid produced more subtle changes in
the protein-DNA interactions, differentially affecting the
movement between the polymerase and the 3'-5' exo-
nuclease active sites, a requisite for intramolecular editing.
In addition to the 'YxGG/A' motif characterized here,
other amino acid residues of 429 DNA polymerase have
been implicated in DNA binding and stabilization of the
primer terminus at both polymerization and exonucleolysis
active sites. These are: Ser252 (Dx2SLYP motif, Blasco
et al., 1993a), Gly391 and Phe393 (Kx3NSxYG motif;
Blasco et al., 1993b), Thr434 and Arg438 (Tx2GR motif;
Mendez et al., 1994), Lys498 and Tyr500 (KxY motif;
Blasco et al., 1995), required for DNA binding at the
polymerization active site, and ThriS (Exo I motif) and
Asn62 (Exo II motif), required for primer stabilization at
the 3'-5' exonuclease active site (de Vega et al., 1996).
All these 429 DNA polymerase residues, corresponding
to invariant or highly conserved residues in prokaryotic
and eukaryotic DNA-dependent DNA polymerases, would
play an indirect role in the dynamics of DNA interaction
required to coordinate polymerization and proofreading.
Physiological alterations of the pol/exo balance:
the basis of proofreading
Although different parameters such as temperature and
ionic strength could be considered as factors affecting the
stabilization of the primer terminus, the main cause of
alteration of the pol/exo equilibrium appears to be a
mismatched primer terminus. Most likely, an error inser-
tion not only favors the accessibility of the primer strand
to the exo active site because it makes that easier to melt,
but also because it provokes a strong reduction of its
stability at the polymerization active site. The wild-type
efficiency of proofreading obtained with mutants Y226F,
G228A and F230A (having a high pol/exo ratio, and
therefore being potential mutators) agrees with this idea.
The alteration in the DNA binding equilibrium at both
active sites shown for these mutants is probably suppressed
or compensated by the presence of the 3'-terminal mis-
match. The rejection of an aberrant primer terminus at the
polymerase active site would result in shifting of the
pol/exo balance in the direction of exonucleolysis, but
returning immediately, after removing the mismatched
nucleotide, back to a high pol/exo ratio, characteristic of
these mutant polymerases. Such a strong bias in primer
terminus stabilization, favoring selective degradation of
insertion errors, is the basis of proofreading, and explains
how the presence in the same polypeptide of two opposite
catalytic activities, synthesis and degradation, could be
favored during evolution of most DNA-dependent DNA
polymerases.
Functional similarities with other DNA
polymerases
Mutations in other eukaryotic-type DNA polymerases
have been also described in the region containing the
motif 'YxGG/A'. In HSV DNA polymerase, two mutants
with altered drug sensitivity were characterized as a change
of Arg700 (the same position as Phe230 in the 429 DNA
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polymerase sequence) into Gly (Gibbs et al., 1988), and
of Tyr696 (the same position as Tyr226 in the 029 DNA
polymerase sequence) into His (Tsurumi et al., 1987; Hall
et al., 1989). The HSV mutant polymerase R700G was
shown to be resistant to acyclovir, phosphonoacetic acid
and phosphonoformic acid, and hypersensitive to aphidi-
colin, while mutant polymerase Y696H confered aphidi-
colin resistance and phosphonoacetic acid hypersensitivity.
Based on these phenotypes, it was concluded that this
region participated directly in substrate recognition (Gibbs
et al., 1988).
In human DNA polymerase a, Gly841 (the first residue
of the conserved Gly-Gly pair of this motif) was changed
into Ala (Dong et al., 1993). This mutant polymerase had
decreased catalysis, dNTP binding and processivity in
polymerization, and increased aphidicolin and BuPdGTP
resistance. These authors ruled out altered DNA binding-
mediated effects based on the wild-type Kd for DNA of
this mutant enzyme, suggesting that this Gly would
function as a structural element in protein folding, essential
for maintaining the structure of the DNA polymerase
catalytic site. However, as it can be inferred from our
results, the mutation could be affecting the DNA binding
capacity of the enzyme only partially, inducing the local
melting of the primer terminus in a conformation not
competent for polymerization. Since DNA polymerase a
lacks 3'-5' exonuclease activity, the role of the motif
could be devoted solely to the stabilization of the template/
primer structure at the polymerase active site.
In the case of T4 DNA polymerase, a number of
residues have been identified as potentially involved in
polymerase/exonuclease switching, based on a genetic
screening designed to select second mutations supressing
an antimutator phenotype (Stocki et al., 1995). These
residues were not conserved, and they were located in
four regions of T4 DNA polymerase, two at the N-
terminal and two at the C-terminal domains. One possible
explanation for the suppressor phenotype is that mutation
of some of the selected residues could be affecting the
stabilization of the primer strand at either the polymerase
or exonuclease active sites, as could be the case for Leu412
(forming the 'Dx2SLYP' motif) and Gly255 (between the
Exo II and Exo III motifs), respectively. In that case, these
non-conserved residues would play only an indirect role
in an active site switching mechanism. On the other hand,
two other identified residues, Gln380 and Glu395 (see
Figure IB), are very close to the 'YxGG/A' motif of T4
DNA polymerase, and therefore the mutations selected at
these residues could directly affect the dynamics of DNA
communication between active sites. As discussed by
Stocki et al. (1995), and in very good agreement with the
results discussed in this paper, the two mutations selected
introduce a positively charged Lys residue that could
increase the stabilization of the DNA at the polymeriz-
ation site.
It has been described that the Klenow fragment edits its
own polymerase errors by a predominantly intermolecular
process, involving dissociation and reassociation of the
DNA. However, Klenow is also capable of intramolecular
shuttling between the two catalytic sites (Joyce, 1989).
Interestingly, a conformational change of the Klenow
structure upon binding of ssDNA at the exonuclease active
site has been described (Freemont et al., 1988; Beese and
Steitz, 1991). The portion of the enzyme involved in this
change (the ,-hairpin formed by ,-strands 9 and 10) was
also involved in direct contacts with the single-stranded
oligonucleotide. This portion, highly conserved in Pol
I-type enzymes, precedes the generally conserved motif
A (Delarue et al., 1990), forming part of the Pol I
polymerization active site. It is worth noting tl?t the
'YxGG/A' motif is also located immediately before the
eukaryotic version of motif A (motif 'Dx2SLYP'), forming
part of the polymerization active site of eukaryotic-type
DNA polymerases.
High resolution studies of a eukaryotic-type proofread-
ing DNA polymerase complexed with DNA, forming both
polymerization- and editing-competent complexes, will be
required to support the proposed role for motif 'YxGG/
A' further, and to understand fully the molecular basis
for coordinating synthesis and degradation during DNA
polymerization.
Materials and methods
Nucleotides and proteins
Unlabeled nucleotides were purchased from Pharmacia P-L Bio-
chemicals. [a-32P]dATP (3000 Ci/mmol) and [y-32P]ATP (5000 Ci/
mmol) were obtained from Amersham International plc. Restriction
endonucleases were from New England Biolabs. T4 polynucleotide
kinase was from Boehringer Mannheim. The wild-type 029 DNA
polymerase was purified from Ecoli NF2690 cells harboring plasmid
pJLw2, as described (Ldzaro et al., 1995). 029 DNA polymerase site-
directed mutants were purified from Ecoli BL21(DE3) pLysS cells
(Studier and Moffatt, 1986) harboring the corresponding recombinant
plasmids, essentially as described for the wild-type 029 DNA polymerase.
DNA templates and substrates
Oligonucleotides spl (5'GATCACAGTGAGTAC) and splp (5'GAT-
CACAGTGAGTAG), differing in the 3-terminal base, and oligonucleo-
tide splc+6 (5'TCTATTGTACTCACTGTGATC), that has a 5' extension
of six nucleotides in addition to the sequence complementary to spl,
were prepared with a DNA synthesizer from Applied Biosystems. The
oligonucleotides spl and splp were 5'-labeled with [y-32P]ATP and T4
polynucleotide kinase and further purified by electrophoresis on 8 M
urea-20% polyacrylamide gels. Labeled spl was used as a substrate for
3-5' exonucleolysis on ssDNA and for gel retardation of ssDNA. 029
DNA was obtained by proteinase K treatment of phage particles in the
presence of SDS (Inciarte et al., 1976), phenol extraction and ethanol
precipitation. 029 DNA was digested with EcoRI to generate fragments
with 3' recessive ends, suitable as templates for DNA polymerase
activity (filling-in reaction). To analyze the 3-5' exonuclease activity
on a template/primer structure in the absence of dNTPs or under
polymerization conditions, and also for in vitro fidelity assays, either 5'-
labeled spl (matched 3' terminus) or 5'-labeled splp (mismatched 3'
terminus) were hybridized to splc+6 in the presence of 0.2 M NaCl
and 60 mM Tris-HCI, pH 7.5. The hybrid molecule spl/splc+6 (matched
15/21 mer) was used as a substrate for gel retardation of a template/
primer DNA. To analyze processive DNA polymerization coupled to
strand displacement by 029 DNA polymerase, the universal primer
(Boehringer Mannheim) was hybridized to M 13mp8 ssDNA as described
above, and the resulting molecule was used as a primer/template suitable
for a rolling-circle type of DNA replication.
Site-directed mutagenesis and expression of 029 DNA
polymerase mutants
The wild-type 029 DNA polymerase gene, cloned into Ml3mpl9
(Ml3mpl9w2l; Bernad et al., 1989), was used for site-directed muta-
genesis, carried out essentially as described (Nakamaye and Eckstein,
1986), using the oligonucleotide-directed in vitro mutagenesis kit from
Amersham International plc. The fragments carrying the different
mutations were subcloned in plasmid pT7-4w2 (Lazaro et al., 1995),
which expresses 029 DNA polymerase under the control of the T7 RNA
polymerase-specific 010 promoter (Tabor and Richardson, 1985). The
presence of the desired mutation and the absence of any other changes
were confirmed by complete sequencing of each 029 DNA polymerase
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mutant gene. Sequencing was carried out by the chain termination
method, using Sequenase version 2.0 from US Biochemical Corp., and
a set of synthetic oligonucleotides complementary to the 429 DNA
polymerase gene as sequencing primers. Expression of the mutant
proteins was carried out in the E.coli strain BL21(DE3) pLysS, which
contains the T7 RNA polymerase gene under the control of the IPTG-
inducible lacUV5 promoter, and a plasmid constitutively expressing T7
lysozyme (Studier and Moffat, 1986; Studier, 1991).
Reaction and dilution buffers
The reaction buffer (RBlOx) used in all assays, with the exception of
the gel retardation assay, contained 500 mM Tris-HCI, pH 7.5, 10 mM
dithiothreitol, 40% glycerol and I mg/ml bovine serum albumin (BSA).
The buffer used for polymerase dilution contained 25 mM Tris-HCI,
pH 7.5, 120 mM NaCl, I mg/ml BSA and 50% glycerol.
3-5' exonuclease assay
The reaction mixture, in a final volume of 25 gt, contained 2.5 pA of
RBIOx, 10 mM MgCl2, 75 pg of a 5'-labeled oligonucleotide (spi) and
the indicated amount of either wild-type or mutant 429 DNA polymerase.
The incubation time was I min at 25°C and the reaction was stopped
by addition of 6 p1 of sequencing loading buffer. If the substrate was
dsDNA, 180 pg of the 5'-labeled hybrid molecule spl/splc+6, forming
a 5' protruding DNA end, and 16 ng of either wild-type or mutant 429
DNA polymerase were added to the same reaction mixture. After analysis
by 8 M urea-20% polyacrylamide gel electrophoresis and further
autoradiography, the 3-5' exonuclease activity is detected as a decrease
in the size of the 5 '-labeled primer (sp 1). Total degradation was obtained
by calculating the number of catalytic events giving rise to each
degradation product. From these data (obtained by densitometry of the
autoradiographs), the catalytic efficiency (indicated in Table I) of each
mutant derivative, assayed in linear conditions both in terms of time
and enzyme amount, was calculated relative to wild-type 429 DNA
polymerase.
Non-processive DNA polymerization assay (filling-in
reaction)
The reaction mixture, in a final volume of 25 p1, contained: 2.5 gl of
RBIOx, 10 mM MgC12, 0.1 gM [ca-32P]dATP (I pCi), 0.2 gM dGTP,
0.25 ,ug of EcoRI-digested 429 DNA (1.6 pmol of DNA ends) and 16 ng
of either wild-type or mutant 429 DNA polymerase. After incubation
for 5 min at 30°C (conditions shown to be linear with time and enzyme
amount), the reaction was stopped by adding 10 mM EDTA-0.1% SDS,
and the samples were filtered through Sephadex G-50 spin columns in
the presence of 0.1% SDS. The excluded volume, corresponding to the
labeled DNA, was counted (Cerenkov radiation) and analyzed by agarose
gel electrophoresis and autoradiography. To determine the dAMP turnover
produced during this assay (as an indication of the 3'-5' exonucleolytic
activity coupled to polymerization), 5 gt of the reaction mixture was
withdrawn immediately after incubation, and directly analyzed by
thin-layer chromatography (Polygram Cel 300 PEIIUV254) and further
autoradiography. The chromatogram was developed with 0.15 M lithium
formate (pH 3.0), conditions in which the 5'-dAMP migrates whereas
the DNA substrate remains at the origin. Densitometry of the spot
corresponding to 5'-dAMP allowed a relative value (dAMP release
relative to the wild-type) of the 3-5' exonuclease activity to be
obtained. Mean values of the exonucleolytic release obtained from
several experiments are given in Table I.
Polymerase/3'-5' exonuclease coupled assay
The hybrid molecule spl/splc+6 contains a six nucleotide long 5'
protruding end and, therefore, the primer strand can be used both as
substrate for the 3'-5' exonuclease activity and also for DNA-dependent
DNA polymerization. The reaction mixture, in a final volume of 12.5 p1,
contained: 1.25 ,ul of RBlOx, 10 mM MgCI2, 180 pg of the 5'-labeled
hybrid molecule (spl/splc+6), 16 ng of either wild-type or mutant 429
DNA polymerase and the indicated concentrations of the four dNTPs.
After incubation for 5 min at 30°C, the reaction was stopped by adding
EDTA up to 10 mM. Samples were analyzed by 8 M urea-20%
polyacrylamide gel electrophoresis and autoradiography. Polymerization
or 3-5' exonuclease activity are detected as an increase or decrease,
respectively, in the size (1Smer) of the 5'-labeled spl primer.
Processive DNA polymerization assay (replication of primed
M13 DNA)
The reaction mixture, in a final volume of 25 gu, contained: 2.5 pl of
RBlOx, 10 mM MgCI,, 20 jM of each of the four dNTPs, 0.2 ,uM
[ct-32P]dATP (2 lCi), 0.25 ,ug of oligonucleotide-primed M13 ssDNA
and 16 ng of either wild-type or mutant 429 DNA polymerase. After
incubation for the indicated times at 30°C, the reaction was stopped by
addition of 10 mM EDTA and 0.1% SDS. After filtration through
Sephadex G-50 spin columns, the Cerenkov radiation of the excluded
volume was determined to calculate the amount of incorporated dNMPs
during this processive reaction. The synthesized DNA was analyzed by
alkaline agarose gel electrophoresis, followed by autoradiography.
DNA gel retardation assays
The interaction of either wild-type or mutant )29 DNA polymerase with
a template/primer structure was assayed using the 5'-labeled spl/splc+6
hybrid. The incubation mixture, in a final volume of 20 ,l, contained
12 mM Tris-HCI, pH 7.5, 1 mM EDTA, 20 mM ammonium sulfate,
10 mM MgCl2, 0.1 mg/ml BSA, 180 pg of 5'-labeled spl/splc+6 and
8 ng of either wild-type or mutant 429 DNA polymerase, as described
(Mendez et al., 1994). After incubation for 5 min at 4°C, the samples
were subjected to electrophoresis in 4% (w/v) polyacrylamide gels (80: 1,
monomer:bis), containing 12 mM Tris-acetate, pH 7.5 and 1 mM EDTA,
and run at 4°C in the same buffer at 8 V/cm, essentially as described
(Carthew et al., 1985). After autoradiography, enzyme-DNA stable
interaction was detected as a shift in the position of the free labeled DNA,
and quantitated by densitometry of the autoradiographs corresponding to
different experiments.
The interaction of either wild-type or mutant 429 DNA polymerase
with ssDNA was assayed using 37 pg of 5'-labeled spl as substrate.
The assay was carried out as described above but in the absence of
MgCI2, and using 100 ng of either wild-type or mutant 429 DNA
polymerase. After electrophoretic analysis and autoradiography, 429
DNA polymerase-ssDNA complexes were detected as a mobility shift
(retardation) in the migrating position of the labeled ssDNA, and
quantitated by densitometry of the autoradiographs corresponding to
different experiments.
In vitro fidelity assays
Misincorporation assav: Conditions were essentially as described above
for the polymerization/exonuclease coupled assay on sp 1 /sp l c + 6 but,
in this case, increasing concentrations of only dATP, complementary to
template positions 1, 2, 4 and 6, were added. The reaction containing
the wild-type DNA polymerase was supplemented with 800 nM dCTP
to prevent exonucleolytic digestion of the template/primer DNA prior
to polymerization. After incubation for 5 min at 30°C, samples were
analyzed by 8 M urea-20% polyacrylamide gel electrophoresis. After
autoradiography, misinsertion of dAMP at non-complementary positions
is observed as the appearance of extension products of the 5'-labeled
spl primer (1Smer) larger than the correct 17mer extension product. The
misincorporation produced in each case, expressed as the ratio 18mer +
l9mer/7mer + 18mer + l9mer, was determined by laser scanning of
the autoradiographs.
Proofreading assav. In this case, hybrid molecules of splc+6 with either
spl (matched -C/G- primer terminus) or splp (mismatched -G/G-
primer terminus) were used. The assay was performed as described
above, but adding none, three (dATP/dGTP/dTTP) or all four dNTPs at
a final concentration of 100 nM.
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